Residual deformation of two types of geogrid subjected to cyclic loading, simulating traffic loading, was evaluated by performing a series of load-controlled cyclic loading tensile tests. Cyclic tensile loads were applied at two or three different load levels, at five different loading frequencies with two different load amplitudes. Creep loading tests were performed at the same loading levels as the cyclic loading tests. The two potential influencing factors for the development of residual deformation of geogrid during cyclic loading are; 1) loading rate effects due to material viscous properties; and 2) time-independent cyclic loading effects. Among the two, the loading rate effects are much more dominant on the residual deformation during cyclic loading within the limit of the test conditions in the present study, showing that it is necessary to introduce the loading rate effects in a constitutive model to predict the residual deformation of geogrid subjected to cyclic loading.
Geogrids have been increasingly used to reinforce the backfill of permanent geosynthetic-reinforced soil (GRS) structures, such as soil retaining walls and bridge abutments. Tatsuoka et al. (1997) reported a number of case histories in Japan. Geogrids are generally more deformable when compared with metal reinforcement and could exhibit larger time-dependent residual deformation when subjected to sufficiently high tensile force. Most of the previous researches on the strength and deformation characteristics of geogrid focused on the behaviour under static loading conditions by performing monotonic loading tests (ML tests), creep loading and relaxation tests.
GRS structures could be subjected to dynamic loads, typically traffic and seismic load, as well as static loads. Therefore, the deformation of geogrid during cyclic loading and their effects on the ultimate rupture strength have been studied by several researchers. Bathurst and Cai (1994) , Moraci and Montanelli (1997) and Ling et al. (1998) showed that not only the load-deformation characteristics during ML tests but also the stiffness and damping ratio during cyclic loading tests (CL tests) depend on the material type (i.e., PET, HDPE and etc.). One of the most important issues for the design of GRS structures is the prediction of the residual (irreversible) tensile strain that would develop during cyclic loading at given frequency, loading level, cyclic load amplitude, duration and so on. For example, Moraci and Montanelli (1997) proposed a linear fitting for the relationship between the maximum cyclic strain and the logarithm of the number of loading cycle, Nc. Ling et al (1998) proposed a hyperbolic fitting for the relationship between the residual strain developing at the maximum load level and Nc.
In most of these previous researches, as described above, the link of the following two influencing factors for the residual deformation of geogrid subjected to cyclic loading was not studied: a) time-independent effects of cyclic loading history as a function of the neutral load level, the number of loading cycles and the cyclic load amplitude; and b) loading rate effects caused by material viscous properties.
In the present study, effects of these two factors and their interaction were evaluated by extending the work by Kongkitkul et al. (2002) . Either CL or creep loading test or both were performed during otherwise ML at a fixed load rate by using two types of geogrid. (Table 1) . Each specimen was tensioned in the respective machine direction. Each specimen consisted of three longitudinal members having a total length of 900mm with an initial unconfined length of 240mm (Fig. 1) . Axial strains were measured locally for an initial gauge length of 50mm by using a pair of laser displacement transducers. Both ends of the specimen were gripped with a pair of roller clamps. The Table 1 . Physical and index properties of geogrids used in this study. Each stage consisting of either CL or creep loading or both lasted for approximately 30 minutes. At the respective CL stage, the number of loading cycle per CL stage were adjusted, depending on the specified load rate and load amplitude, to make the total period of for CL at each stage equal to 30 minutes (or 10 minutes in case 3 above) ( Table 2 ).
The loading patterns are schematically shown in Figs. 2b and 2c. The base load levels, to which cyclic loads were added, were 10; 30 and 50kN/m (3 stages) for Vectran geogrid and 10 and 30kN/m (2 stages) for Vinylon geogrid. The cyclic loads were applied to simulate typical traffic loading patterns. As shown in Fig. 2a , creep loading tests were performed at the maximum and minimum loads at the respective CL stage, which are 10; 30 and 50kN/m for the first test and 20; 40 and 60kN/m for the second test. With Vinylon geogrid, only load (V) = 20 and 40kN/m were applied in the second test. After CL or creep loading test was performed at the highest load level, the tensile load level was increased monotonically until the tensile load (V) became 75 and 55kN/m for Vectran and Vinylon geogrids, respectively. According to results from strain-controlled ML tests at a constant strain rate of 1.0%/min (Kongkitkul et al., 2002 and Hirakawa et al., 2002) , the ultimate tensile strength was 98.0kN/m (Vectran) and 66.0kN/m (Vinylon). Finally, the local axial deformation transducers were removed to avoid damage to the transducers by a sudden uncontrolled rupture of the geogrid specimen and then the load level was reduced to zero promptly. 3 . Test results and discussions 3.1 Cyclic loading tests of loading at a load rate higher than this rate tended to be located above the continuous ML curve. This trend became more obvious when the reloading ML was performed at a rate higher than the one in the continuous ML. 3) In Fig. 3b-1 and Fig. 4b-1 for Vinylon geogrid, the reloading ML curve at a load rate of 24kN/m/min (f= 0.01Hz) overshoots noticeably the continuous ML curve (at a load rate of 60kN/m/min). This trend would be due to the TESRA viscous property of a material, by which the material exhibits stressovershooting, as seen in these figures, that decays with an increase in the irreversible strain by subsequent loading (Di Tatsuoka et al. 2002 ). 4) The largest residual strain per cycle develops during the first half cycle, which is due to the occurrence of a large irreversible strain increment as the load level exceeds the previous maximum value. 5) With Vectran geogrid, the residual strain decreases with an increase in the CL level for both geogrid, as opposed to the usual idea. The same trend of behaviour was observed with creep strains by Hirakawa et al. (2002) and Kongkitkul et al. (2002) and also in this study (as shown in Fig. 11a ). These trends of behaviour could be explained by the fact that the tangent stiffness increases with the increase in the load level with Vectran geogrid, while it is rather similar around the load levels where CL tests were performed with Vinylon geogrid. A cyclic load amplitude equal to 20kN/m was applied at f=0.01Hz.
The origins for residual strain and elapsed time are defined at the moment when the tensile load (V) becomes 30kN/m for the first time (at point A in Figs. 3a-1 and 3a-2). Tests with loading pattern 1) were not actually performed, but the time histories for this pattern presented in Fig. 7a were obtained from the results from tests with pattern 2) by assuming that the stress-strain curve for the first half cycle of CL performed at a base load equal to 30kN/m of pattern 2) would have started from point A as if CL at a base load of 10kN/m had not been applied but point A were reached only by continuous ML. Figs. 7b was constructed by shifting "the curves for CL at a base load equal to 30kN/m" towards the left so that the starting points of the curves are located on the curve for pattern 1). Fig. 8a summarized all the results, as presented in Fig. 7b , for a base load of 30kN/m with different loading frequencies. Fig. 8b is a similar summary for a base load of 50kN/m. Figs. 9 and 10 are a similar set of test results for Vinylon grid.
Figs. 5a&b show the time histories of residual strain during CL at different loading frequencies performed at two different base loads for Vectran geogrid. The cyclic load amplitude was 20kN/m. Figs. 6a&b are similar figures for Vinylon geogrid. The residual tensile strain at each cycle is defined as the strain when the cyclic load becomes zero (i.e., when the applied load becomes the base load) in each cycle. This definition, instead of the maximum tensile strain in each cycle, is employed to obtain the data to evaluate the residual deformation of GRS structures at moments when temporary traffic loads with various load amplitudes are not acting. It may be seen from these figures that the time histories of residual strain are rather similar for different loading frequencies in a range of 0.01-0.2Hz under otherwise the same loading conditions for both types of geogrid. When the residual strains are plotted against the number of loading cycle, the relationships become utterly non-unique. Hence, the development of residual strain during CL is nearly solely due to the loading rate effects caused by material viscous properties. a positive irreversible strain rate. This trend could be explained as the effects of viscous property, not by the effects of CL. 2) The relationships for the respective loading frequency presented in Figs. 8a&b and Fig. 10 are also rather independent of previous loading history. In these figures, the residual strain tends to become larger with the increase in the loading frequency. This trend is due to the fact that the total residual strain, defined as zero at points such as A and B in Figs. 3&4, increases with the increase in the loading frequency, f. This is because the initial strain at these initial points (A and B) becomes smaller with an increase in f due to the loading rate effects developed in the immediately previous loading history. This trend is similar to the fact that the creep strain increases with an increase in the initial strain rate at the start of creep loading because of a larger viscous stress at the start of creep loading. On the other hand, the residual strain at the first cycle decreases with an increase in f. This trend is similar to that the irreversible strain increment for a given stress increment decreases with an increase in the strain rate during primary ML due to the loading rate effects.
Although the data are not presented in this paper, the residual strain increases with an increase in the cyclic loading amplitude under otherwise the same test conditions for both types of geogrid. This trend is due mostly to the development of irreversible strain increments by an increase in the maximum load level in the first half cycle, not by the effects of CL itself. when ML is restarted after the respective creep loading and subsequently the respective curve tends to rejoin the original curve by continuous ML. This result clearly shows that the geogrid is not degraded by creep loading. 2) Some overshooting that could be observed in these results of Vinylon geogrid (Fig. 11b) . It seems that this trend is due to the TESRA viscosity as mentioned before. This is because the amount of stress overshooting tends to decrease as ML at a constant load rate continues. 3) With Vectran geogrid, the creep strain for a given period decreases with the increase in the tensile load level. With Vinylon geogrid, on the other hand, the creep strains at load levels equal to or larger than 20 kN/m are rather similar. These trends of behaviour could be explained by the same reasons as mentioned before in relation to the effect of load level on the residual strain developed during CL.
Comparison of cyclic and creep test results
To examine whether the development of residual strain during CL is primarily or solely by loading rate effects due to viscous properties, the time histories of strain from CL and creep loading tests are plotted in Fig. 12a (Vectran) and Fig. 12b (Vinylon). In the CL tests, the base load was 10kN/m, the load amplitude was 20kN/m and the loading frequency was 0.05Hz, while the load levels in the creep loading tests were 10kN/m, 20kN/m and 30kN/m, which are the same as the minimum, average and maximum loads in the CL tests. 
Conclusions
The following conclusions can be derived from the results of experiment and analysis presented above: 1) Residual strains that develop during cyclic loading (CL) are primarily by loading rate effects due to the material viscous property. The effects of cyclic loading history are negligible, if any, with polymer geogrids. That is, the number of loading cycle, the loading frequency and the cyclic load amplitude for a given CL test has no direct consequence on the development of residual strain during CL. 2) The development of residual strain during CL is controlled by the viscous property. The loading rate effects in terms of load are controlled essentially by instantaneous strain and strain rate (more rigorously irreversible strain and its rate). Effects of load history on the present loading rate effects are not negligible with Vinylon geogrid. 3) As the development of residual strain during CL is due to the viscous property in the same way as creep strains, the trend of strain development during CL can be linked to the one during the corresponding creep loading test. A simple method to predict the time history of residual strain during a CL test based on results from relevant creep loading tests is suggested.
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